Terrestrial optical wireless communication ͑OWC͒ is emerging as a promising technology, which makes connectivity possible between high-rise buildings and metropolitan and intercity communication infrastructures. A light beam carries the information, which facilitates extremely high data rates. However, strict alignment between the transmitter and the receiver must be maintained at all times, and a pointing error can result in a total severance of the communication link. In addition, the presence of fog and haze in the propagation channel hampers OWC as the small water droplets scatter the propagating light. This causes attenuation due to the resultant spatial, angular, and temporal spread of the light signal. Furthermore, the ensuing low visibility may impede the operation of the tracking and pointing system so that pointing errors occur. We develop a model of light transmission through fogs of different optical densities and types using Monte Carlo simulations. Based on this model, the performance of OWC in fogs is evaluated at different wavelengths. The handicap of a transceiver pointing error is added to the model, and the paradoxically advantageous aspects of the transmission medium are exposed. The concept of a variable field of view receiver for narrow-beam OWC is studied, and the possibility of thus enhancing communication system performance through fog in an inexpensive and simple way is indicated.
Introduction
Optical wireless communication ͑OWC͒, also known as "lasercom," has become a fact of life over recent years in the sphere of urban wireless networks ͑Fig. 1͒. There is a growing need for high data-rate transmissions in real time, and optical communications can provide the required bandwidth. Optic fiber backbone has been laid around the globe and reaches most major cities in the world, but the cramping bottleneck still restricts data flow over "the last mile," from the fiber backbone to the end user. Optical wireless communication can bridge the gap by enabling connection with and between offices, business facilities, and other targeted locations without relinquishing the performance parameters offered by optical communications and without the resource expenditure of laying optic fiber. In addition to the capital investment and running costs of fiber, it is not always possible to lay fiber at all, whereas, conversely, the rapid deployment of wireless systems facilitates their application when premises are temporarily or suddenly moved or communication is required in remote areas. However, the blight of terrestrial lasercom is the attenuation and spread caused by fog and haze. After passing through a multiscattering medium not only is the light attenuated by absorption and spatial spread, but also the spread of the angle of arrival at the receiver aperture reduces the incident power due to field of view ͑FOV͒ restrictions. A narrow FOV receiver is often preferred, as this minimizes background radiation, thus reducing noise. Also, if a beam of small divergence is used, free space loss is low. It has been found that even at high optical densities sufficient unscattered and forward-scattered light may be collected within a narrow FOV to enable optical wireless communication at quite low power transmission levels. 1 However, a narrow FOV receiver is problematic when transmitter-receiver ͑or transceiver͒ alignment is not stringently maintained. We investigated the interrelation between multiple scattering and transceiver pointing error, and found that the scattering effect of fog can render urban lasercom functional in the presence of pointing error if variable FOV receivers are made available.
Propagation of light through clouds and other multiscattering media has been modeled [2] [3] [4] and compared with experimentally obtained data. Furthermore, Monte Carlo methods have been applied [5] [6] [7] [8] [9] [10] [11] [12] to the study of light propagation resulting in predictive models of transmission parameters as a function of optical density. Bucher 12 and Bucher and Lerner 13 combined theoretical and experimental work using Monte Carlo methods. Adaptive datarate, bandwidth, and power solutions have been suggested at the transmitter end, [15] [16] [17] [18] but, to the best of our knowledge, variable FOV solutions at the receiver end have not been broadly investigated, and a study of the potential of this avenue seems worthwhile. The spatial spread of a propagating beam has been studied 19 -21 and adaptive solutions evaluated, but these require bulky optical hardware in order to be implemented. It is envisioned that on the basis of the current approach a compact and inexpensive setup may yield similar improvements, since a range of FOV settings can be implemented with simple hardware.
We propose to evaluate power reception efficiency as a function of the FOV and environmental conditions in the presence of transceiver alignment pointing error. A brief description of optical wireless communication systems follows in Section 2. Section 3 models the common types of fog and, using Monte Carlo methods, the propagation of light through fog is simulated at four different wavelengths for heavy fog, and through three different fogs at one wavelength. The receiver model and noise-FOV relationships are expanded in Section 4. Generic relationships are presented and discussed in Section 5. Next, performance parameters are calculated in a numerical example, the results of which demonstrate the practical potential of the model within a design tool.
Optical Wireless Communication System
An OWC system is composed of three basic stages: a transmitter, the propagation channel, and a receiver.
A simple block diagram illustrating this model is found in Fig. 2 .
In a digital system, the transmitter comprises a laser, which is modulated to emit pulses, and a telescope. The transmitter telescope collimates and aligns the beam carrying the optic signal. The atmosphere is the propagation channel. Even on an ostensibly clear day aerosols and gas molecules pervade this medium and degrade communication performance due to absorption and scattering mechanisms. In this work we concentrate on the specific issues of fog and haze in the atmospheric channel. These phenomena create a multiple-scattering medium for light propagation; this is described in Section 3. For urban terrestrial applications the transmission range is of the order of 100 -5000 m. The transmitter and the receiver are placed on the rooftops of high-rise buildings ͑see Fig. 1͒ , on billboards and bridges, or even inside office windows. The receiver includes the receiver aperture, a detector, and the decision-making unit. The aperture, whose size determines the total amount of collected power, gathers the light arriving within a set radial distance from the optic axis of transmission. The detector is the photoelectric element, which converts the optical radiation to an electronic signal that is subsequently amplified. The decision-making unit decodes the signal and determines the kind of information received based on the signal amplitude and time of arrival. An optical filter is usually found prior to the photodetector to restrict the background noise.
A tracking system is usually necessary to ensure transmitter-receiver alignment. If this system is inadequate, pointing errors result, and the unscattered light, which traverses a line-of-sight optic path, is lost.
Atmospheric Channel-Monte Carlo Simulation
The predominant attenuating mechanism in fogs at visible wavelengths is scattering. Scattering is defined as the deflection of light from its original direc- tion of propagation on encountering a scattering particle. Fogs are characterized by water droplets of differing sizes, but generally within 1 order of magnitude of the wavelength of visible radiation. When the ratio of particle radius to wavelength is near unity, Mie scattering, which will be described in Subsection 3.A is operative. The sensitivity of the scattering angle to the particle size to wavelength ratio means that in a particular fog the transmission characteristics will change with wavelength, while a specific wavelength will be transmitted differently as the fog profile changes.
Due to the stochastic nature of the transmission variables, the Monte Carlo method was selected to model the passage of light through various fogs. In Monte Carlo simulations a random system may be modeled on the basis of the probability distributions governing the nondeterministic behavior of its critical variables. In the case in hand, this requires the generation of scatter angles, which are statistically representative of the angle probability distribution. Likewise, probability distributions of particle size and distance between scatters are essential to the model.
A. Mie Scattering Phase Function Calculation
Analytical solutions for the Mie scattering phase function and their derivation are widely published in optics texts. 22 The critical parameters of interest are the wavelength of the radiation, the refractive indices of the scattering particles, and their size distribution and particle concentration. From this data the scattering cross section is computed, and the matrix relating the incoming and outgoing light is calculated. The mean path between collisions is also dependent upon the scattering cross section and is a wavelength-dependent variable. For isotropic spherical particles, ͑a realistic simplification for the water droplets in fog͒, illuminated by a linearly polarized plane electromagnetic wave, the matrix is diagonal and its elements involve series, Bessel and Hankel functions, and Legendre polynomials. Knowledge of the matrix elements enables calculation of the phase function. A number of researchers have published programs and subroutines for calculation of Mie scattering variables and phase functions, notably Dave. 23 We used a collection of m files in the MATLAB code. This stage represents the Mie scattering phase function derivation and provides the probability distribution for the elevation scattering angle. The azimuth scattering angle is assumed to be uniformly distributed between 0 and 2, since the particles are spherical.
In our work we derived the phase functions for three types of fog, 24 -28 whose particle size distributions are illustrated in Fig. 3 . Salient data, including associated visibility, is tabulated in Table 1 . The phase functions for the three fogs were found for radiation of wavelength 670 nm. The heavy advection fog model was then used to derive the phase functions for three other wavelengths ͑530, 850, and 1550 nm͒, which are shown in Fig. 4 .
Since the Mie phase function is defined for particle radius r, the above method is effectively convoluting the size distribution probability function p͑r͒ into the individual phase function ͑r, ͒ and can be described as
This method has yielded results that compare favorably with published works. 13, 14 In the interest of programming efficiency, a matrix of scattering angles for sampled particle radii for each modeled fog and wavelength were generated for each simulation.
B. Simulation of Light Propagation through Multiscattering Media
The light propagation medium is modeled as free space interspersed with particles of known size distribution ͑see Fig. 3͒ and material properties ͑the refractive index taken from data sheets 24 -28 ͒, whose free path separation d is determined by the probability function [12] [13] [14] p͑d͒ ϭ ͑1͞D͒exp͑Ϫd͞D͒,
where D is the average free path between collisions taken from the fog model data and is defined as
where N is the particle concentration in units of inverse cubic meters and S scatter is the scatter crosssection area, calculated within the Mie phase function computation. The light is modeled as monochromatic and is launched from a point source, in the direction of the receiver, which is the optic axis for the system. The light may be seen as a quantity of photons, each of Fig. 3 . Normalized probability distributions of particle radii for light haze, moderate fog, and heavy fog.
which traverses free space until encountering a particle, when it is scattered in accordance with the scattering functions described above. Absorption is ignored, since the imaginary part of water's index of refraction is very small. The traverse of the light is terminated on arrival at the receiver aperture plane, within a preset radial distance. In the scenario under investigation, as a result of the pointing error only light arriving within the FOV limits of the receiver would be collected ͑see Fig. 5͒ .
Since the scattering angles are relative to the current direction of propagation, each scattering location and subsequent direction of propagation must be transformed to the original coordinate positioning and directional system so as to yield commensurate data.
The output data details the radial position of arrival of each photon relative to the optic axis, the elevation and azimuth angles of arrival, the multipath, and the number of scattering collisions. A cone of incoming photon paths with the same elevation angle but different azimuth angle and radial position are grouped together to parallel one FOV value. The numerical results yield the received power-FOV relationship. The influences of optical density and of receiver aperture size on power-FOV relationships were found to be significant. Data are not presented herein on these factors, but their contribution to the power transmission function is recorded. The received power, normalized to 1-W transmitted power, may be summed up as
where is the FOV angle, ␦ is the pointing error, is the optical density ͑defined as Z͞D, where Z is the transmission range͒, is the radiation wavelength, A is the aperture size, and Q represents the scattered light received and is derived from the Monte Carlo simulation. It is clear that if the FOV half-angle is more than the pointing error, ͞2 Ͼ ␦, the unscattered light will be detected.
The proportion of transmitted light that reaches the receiver unscattered falls exponentially with the optical density ͑definition͒. This does not necessarily mean that the ratio of scattered to unscattered light collected rises, since the scattered received light also falls off with optical density as an increasing number of scattering collisions occur within a given transmission range. However, simulation results show that the above-mentioned ratio does rise sharply as optical density increases ͑see Fig. 6͒. 
Receiver Model
The receiver comprises a telescope, of collecting capacity determined by its aperture size, that focuses the incoming light onto a photodetector in its focal plane ͑or equivalent focal plane in a more complex arrangement͒. The receiver geometry fixes the halfangle FOV which, for small angles, where tan ␣ Ϸ ␣, is given by
where r d is the detector radius and f is the focal length of the focusing lens.
Hence we see that to increase the FOV for a given focusing lens, an increase in the detector radius is required. In practice, the larger the detector area, the greater the capacitance of the component. This relationship is described by the following simplified expression ͑from Yariv 29 ͒:
where C d is the capacitance, a is the detector area, ε is the dielectric constant of the material, and l p and l n are the lengths of the depletion zones in the p-doped 
where R L is the load resistance. It should be noted that a high data rate is achieved when the resistancecapacitance product is low. Thus an increase in the FOV setting, accompanied by an increase in capacitance, will necessitate a reduction in the load resistance setting to maintain bandwidth. However, low load resistance is associated with high thermal noise. Thermal and background noises are considered the dominant noise sources in optical wireless communications. 31 We shall follow upon the analysis of Smith and Personick. 32 This analysis assumes on-off keying with rectangular pulses of duration equal to the bit period, and a receiver filter that equalizes the received pulse to have a raised-cosine spectrum with 100% excess bandwidth. We consider a configuration wherein the photodetector is p-i-n and used in conjunction with a field-effect transistor ͑FET͒ based transimpedence preamplifier. Neglecting FET gate leakage and 1͞f noise the total noise variance may be summed up as 33
where q is the electron charge, ᑬ is the receiver responsivity, P B is the ambient power detected, and I 2 ϭ 0.562. In the second term k is Boltzmann's constant and T is the absolute temperature. In the last term, ⌫ is the FET channel noise factor, g m is the FET transconductance, C g is the FET gate capacitance, which can be assumed to be negligible by comparison with C d , and I 3 ϭ 0.0868. The first term represents ambient-induced shot noise. This can be significant in clear weather, particularly when facing the Sun, but in the case of foggy weather is usually negligibly low. This factor is FOV-dependent and is given by
where N R is the radiance in units of watts per square meter per steradian per micrometer, and ⌬ is the optical filter bandwidth. The second term represents thermal noise from the load resistor and is inversely proportional to R L . The third term represents thermal noise from the FET amplifier. The detector area is given by a ϭ r d 2 . Substituting from Eq. ͑5͒, Eq. ͑6͒ can be rewritten as
hence we find that
where K is given by
We observe that for FOV angles of the order of milliradians, the FET amplifier noise contribution to overall noise is small with realistic values of ⌫ and g m .
From Eqs. ͑4͒ and ͑8͒ the signal-to-noise ratio ͑SNR͒ is given by
While the signal power will increase with the FOV setting, the rate of increase will fall off, reducing the SNR and resulting in an increase in the bit-error rate ͑BER͒. Expressing both the thermal noise and the incident power as functions of FOV setting, we may derive the SNR as a function of FOV, or develop an expression for the BER as follows. We assume a maximum a posteriori probability criterion in the decision-making circuitry. For Gaussian noise distributions, and assuming zero power transmission for binary "0" the BER is described by 21 where erfc͑x͒ is the complementary error function given by
Equating the minimum detectable power to twice the receiver sensitivity P rec , we can find the minimum BER by substituting 2P rec for P R ͑␣͒.
Simulation Results, Numerical Calculation, and Discussion
Initially, a generic study is conducted to uncover the basic influences of fundamental variables such as radiation wavelength, optical density, and size distribution of fog droplets. Four wavelengths are compared over a transmission range of 300 m to demonstrate the wavelength sensitivity of the scattering mechanism. While 850 nm is the more popular of the selected wavelengths, 670 nm has been included, as this is the wavelength currently used in our experimental work and results can be verified. The nearly defunct wavelength of 530 nm, once popular for satellite-submarine communication owing to superior transmission through seawater, has been included, as comparison can be made with the results of extensive published work. Moreover, there appears to be new interest in this wavelength with increasing use of Micro Electro-Mechanical Systems components with their diffraction limitation. 31 Interest is growing in the 1550-nm range, commonly used in fiber communication, owing to the highly developed component market. The heavy advection fog model 24 -28 is applied for this section of the work on the understanding that this represents the most severe of common fogs, so improved transmission would be particularly efficacious. The data is presented for an optical density of approximately 10 ͑optical density of precisely 10 for the 670-nm radiation͒, using an aperture of radius 5 cm and FOV of 10 mrad. Here, over 90% of the collected light is scattered for the three shorter wavelengths ͑75% for the 1550-nm radiation͒, so the inclusion of scattered light is likely to be advantageous to communication performance ͑see Fig. 6͒ .
The Mie phase functions for four different wavelengths for the heavy fog model are not significantly different on inspection ͑see Fig. 4͒ , all demonstrating distinct forward-scattering ͑angles of less than 0.1 rad͒, a minimum around ͞2, and small peaks around 2.2 and 2.45 rad. It is therefore most instructive to observe the differences in power reception as a function of the FOV angle ͑or half-angle͒ for the different wavelengths ͑see Fig. 7͒ . For all wavelengths, as the FOV half-angle increases from zero,unscattered light is collected followed by heavily forward-scattered light, which reaches the receiver at angles of less than 100 mrad. The received power continues to rise as the FOV increases, reaching a plateau beyond which little additional power is gathered as the FOV is further enlarged. The maximal power reception is higher as the wavelength decreases, and it plateaus at lower FOV settings. In our example a maximum of 3.53 ϫ 10 Ϫ4 of transmitted power is collected when the radiation wavelength is 530 nm, and this is achieved at a FOV half-angle of Fig. 7 . Received optical power versus the FOV half angle at four different wavelengths for light propagation through heavy fog. Note the unscattered light reception at zero FOV half angle, the rise in received power at low FOV half angles, which is sharper for shorter wavelengths than for longer, and the plateauing of light reception once the FOV half angle exceeds a wavelength-sensitive value. Transmitted power 1 W, aperture radius 5 cm, optical density ͑OD͒ ϳ10.
under 25 mrad. By comparison, at the 1550-nm wavelength a maximum of 7.07 ϫ 10 Ϫ5 of transmitted power is received at an FOV half-angle setting of nearly 50 mrad. As a consequence, the power reception rises more sharply at low FOV settings when the radiation wavelength is lower.
Inspection of the numerical results reveals that over 90% of the scatter angles are below 15 mrad for the 670-nm wavelength propagating through heavy fog. For 530-nm radiation through heavy fog, 94.2% of the scatter angles are below 15 mrad. Hence we see that the light is very significantly forward scattered, indicating potential enhancement of the collection of the transmitted light if the FOV were to be increased ͑when the aperture is large enough͒. In the case of 1550-nm light, only 63% of the scatter angles are below 15 mrad, while 10% of the scatter angles are over 63 mrad, so the forward scattering is less pronounced.
Next, we compared the three fog models for light propagation at the 670-nm wavelength, where their optical densities are around 10.0, 3.0, and 1.2. The data is presented in Fig. 8 and summarized in Table  2 for comparison. Observing the potential augmentation of power reception as the FOV is increased at low FOV settings for the heavy fog model further encourages us to continue our study with the heavy fog model. We recall that while light haze is characterized by smaller water droplets on the whole, the size distribution is over a considerably larger radius range ͑see Fig. 3͒ . Conversely, in moderate fog, while the peak particle radius is larger than that for light haze, the peak is narrow, and larger particle radii are scarce. As the larger radii display stronger forward scattering characteristics, the relative amount of light reaching the receiver at very small FOV angles is greater for light haze than for moderate fog. This makes power reception through light haze at small FOV settings enhanced by comparison with moderate fog, beyond the trivial expectation owing to lower optical density. Comparing the Mie phase functions for all three fog models at 670 nm ͑not shown in this publication͒ we find the pronounced forward scatter in evidence, but marginally less so for moderate fog and light haze than for heavy fog. The notable difference in power reception for the three fogs modeled is primarily due to the radically different optical densities. In the case of light haze, with an optical density of 1.2 at 670 nm, much of the received light is unscattered ͑30.12%, in theory͒, and most of the remaining light is single scattered at low angles owing to the presence of relatively large radius particles. Altogether 37.7% of the transmitted light is received, as compared with 8.2% in the case of moderate fog with an optical density of 3.0 and 0.025% for the heavy fog at an optical density of 10. As the FOV increases the relative enhancement of light transmission in moderate fog is considerably less than for dense fog. The predominance of small particle sizes in the moderate fog results in multidirectional scattering, while the strong forward scattering of the heavy fog due to the overall larger particle size enhances total transmission.
Introducing the pointing error, we performed a se- , where P R is as defined in Eq. 4 and derived from simulation results. Transmitted power was 100 mW. The responsivity is found from ᑬ ϭ ͑q͒͞ ͑h͒, where is the quantum efficiency of the detector taken to be 0.9, h is Planck's constant, and is the optical frequency. For the FET amplifier, ⌫ ϭ 1.5, g m ϭ 30 mS, I 2 ϭ 0.562, and I 3 ϭ 0.0868. The SNR and BER are computed and displayed in Fig. 9 for FOV half angles from 0.1 mrad to 4 mrad and pointing errors up to 10 mrad. Using the MODTRAN atmospheric database it was found that ambient radiance would be so low in the given scenario that background radiation noise could be neglected.
A common pattern emerges when the SNR of fixed, narrow FOV receivers are compared with various wider FOV settings as pointing error increases ͑see Fig. 9͒ . Initially, when the pointing error is small by comparison with the FOV half-angle, the unscattered and heavily forward-scattered light is collected, so the SNR is extremely high. For a pointing error less than the FOV half-angle, the SNR falls as the FOV half-angle increases; this is due to the increase in detector-originating thermal noise. Once the pointing error increases beyond the FOV half-angle and the unscattered light is no longer detected, the SNR achieved is consistently higher for a given pointing error for larger FOV half-angles.
In the example investigated the SNR falls below unity for pointing errors of between 14 mrad ͑0.2 mrad FOV half-angle͒ and 16 mrad ͑8.0 mrad FOV half-angle͒. Hence, the larger FOV settings engender more robust communication systems in the presence of pointing error. Less total power is collected as the pointing error increases so that SNR values decrease for all FOV sizes. However this relation is not linear; for instance, when the pointing error is 10 mrad, the SNR for FOV half-angles of 0.2 and 0.8 mrad are 5.93 and 5.98, respectively ͑effectively the same͒ while multiplying the FOV half angles by ten yields SNR values of 6.2 and 11.7 for FOV half-angles of 2.0 and 8.0 mrad. Doubling the FOV setting from 2.0 to 4.0 mrad increases the SNR from 6.2 to 7.1 ͑ϳ14.5%͒, but further doubling the FOV value to 8.0 results in a SNR enhancement of ϳ65%. This fact favors the larger FOV receivers in engineering design as, despite the increased thermal noise, the augmented total collected power boosts the SNR.
Summary
We note that considerable data regarding received power as a function of FOV may be obtained using the Monte Carlo method to simulate the passage of light through multiscattering media.
Comparing different weather conditions, we observe that it is the precise size distribution characteristic of the medium that determines the power reception-FOV setting relation. Consequently, characterization of the fog in terms of particle size distribution is a prerequisite for the accurate prediction of scattering mechanisms.
The above-described model of the propagation of light of various wavelengths through fogs of differing particulate compositions may be utilized in the engineering design of variable FOV receivers. In the presence of pointing errors, when OWC links are not operable, the scattering effect of fog in the propagation channel can be advantageous, and render the link viable. 34 In these circumstances, the trade off between added power gathering capacity and more thermal noise has been demonstrated to favor larger FOV values.
Finally, it may be interesting in future work to investigate the scintillation effect of signal propagate through dense fog due to decoherence, interference, and diffraction.
